Highlights  A rodent model to assess the long-term safety and performance of peripheral nerve interfaces was developed.
Introduction
In 2008, one in 190 Americans were living with limb loss, and this number is projected to increase substantially by 2050 [1, 2] . Amputations in the lower limbs are mostly carried out due to the comorbidities associated with diabetes mellitus [3] , while trauma, malignancy, and infections are associated with upper limb amputations [4] . Between 2001 and 2017, 1,705 service members of the U.S. armed forces sustained deployment related lower and upper limb amputations [5] . For many, the loss of a limb means inability to return to duty and increased comorbidities, which can have a negative impact on quality of life. To alleviate the burden associated with limb amputation, there is an increased need for advancing intuitive neuroprosthetic devices for restoring lost sensory and motor function. Recently, researchers have focused their efforts on peripheral nerve interfaces (PNI) as an alternative to interfacing with the brain, exploring possible benefits such as: ease of surgical access, bidirectional communication (both sensory and motor pathways) at one interface site, persistence of functional neural connections post-amputation, increased selectivity for stimulating sensory feedback, and access to nerves at the time of amputation, reducing the need for additional surgeries [6] [7] [8] [9] [10] [11] .
There are two main classifications of PNIs, extraneural and intraneural, signifying the level of invasiveness and, hence, selectivity for both recording and stimulation [9, 12] .
Extraneural PNIs do not penetrate the nerve and are relatively less invasive than intraneural PNIs. Extraneural PNIs have been approved for clinical applications to treat epilepsy and depression [13, 14] , and are currently being tested for restoration of function and neuroprosthetic applications [15] [16] [17] . Due to the presence of epineurium between the electrode and nerve fascicles, a limitation of extraneural PNIs is the inadequate spatial resolution [18] . Intraneural PNIs are designed to penetrate the nerve for accessing individual fascicles and nerve fibers. Penetration increases recording signal quality, bypassing the less conductive connective tissue layers and decreasing the distance between the electrode tips and target axons [7, 9] . Intraneural PNIs have been shown to elicit specific sensations [19] [20] [21] , as well as record neural activity for motor control [22, 23] . However, intraneural PNIs struggle with long-term stability caused by lead wire breakage, electrode migration, and foreign body response [11, 12, 24] . Nevertheless, the J o u r n a l P r e -p r o o f higher resolution bidirectional communication offered by intraneural PNIs is favorable for advancing neuroprosthetic devices.
As the research and clinical need involved with PNI technologies continue to rise, it is increasingly important to develop and improve experimental test platforms to assess the safety and performance of these devices for long-term use. Beneficial assessment platform would allow the longitudinal assessment of: PNI impact on nerve function (motor and sensory), tissue response to implantation, selectivity of stimulation, stability of recording, and identifying failure modes early in the development cycle. While studies have completed these comprehensive assessments for intraneural PNIs used for recording [11] , there is a need to expand the assessment of long-term safety and performance to PNIs used for both recording and stimulation.
In this work, we have appended our previously published test platform [11] to include the comprehensive assessment of the long-term safety and performance of PNIs used for stimulation, as well as recording, using a rat sciatic nerve model. In this study, we used Blackrock electrode arrays (EA) as the PNI implanted into the sciatic nerve, a customdesigned EMG wire electrode for recording compound muscle action potentials (cMAP) from gastrocnemius and tibialis anterior muscles, and stainless-steel cranial screws for recording somatosensory evoked potentials (SSEP). We developed a transcutaneous connector mount for accessing the EA and EMG wire electrodes after implantation. After the animals recovered from surgical procedures, we measured electrode impedance, recorded neural activity from awake behaving animals, studied stimulation evoked responses, and assessed motor and sensory function over a period of 12 weeks. At week 13, we harvested the nerve for histomorphometric analysis and studied mechanical damage to the EA using scanning electron microscopy (SEM). Our results showed that the current test platform was conducive for assessing the long-term safety and performance of PNIs used for recording and stimulation.
Methods

Animal protocol and experimental design
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This study was approved by the Institutional Animal Care and Use Committee (IACUC) at the Food and Drug Administration, White Oak campus. Female Lewis rats were purchased from Charles River Laboratories International Inc., for experiments described in this manuscript. Experiments were conducted on animals weighing between 200-280 g at the time of surgery. All animals were individually housed in plastic cages with 12hour light and dark cycle before and after experiments. Animals were randomly assigned to one of two groups: control, n=6, and EAs, n=6. The control group animals were not subjected to surgical procedures.
Implant design
Sixteen channel high-density Blackrock EAs (Blackrock Microsystems LLC, U.S.A.) with shanks (1 mm in length with a 0.4 mm pitch) arranged in a 4 x 4 configuration were used in this study. The EA and the connector (A73098-001, Omnetics Connector Corporation, U.S.A.) were linked via a 55 mm long gold lead wire ( Fig. 1a ). One of the reference wires served as the ground for recording and stimulation. Additionally, a custom-designed EMG wire electrode (Microprobes for Life Science, U.S.A.) with 8 insulated stainless steel wires of 110 mm length (0.1 mm diameter, arranged into 4 bipolar pairs) attached to a connector (A79038-001, Omnetics Connector Corporation, U.S.A.) was used to record muscle activity ( Fig. 1b ). The tip of the bipolar pair was de-insulated by the manufacturer, with greater insulation removed for one electrode per pair to allow it to serve as the reference.
Two of 6 animals received connector mount designed using SolidWorks (Dassault Systèmes SolidWorks Corp., France) and 3D printed with Stainless Steel infused with bronze (Shapeways, Inc., U.S.A.). The other 4 animals received a two-part connector mount, top made with Stainless Steel infused with bronze and bottom part made with Nylon as shown in Fig. 1c and d [24] . Connectors from the EA and EMG wire electrode were housed inside the connector mount and a Mersilene mesh (2" x 2", Ethicon, Inc., While the electrode implantation procedure described here can be implemented on either hind limb, we used the right hind limb in this study. After securing the connector mount to the lumbar fascia ( Fig. 2a ), the right sciatic nerve was exposed using blunt dissection technique as described previously [11, 25] . A piece of silicone block (~10 × 8 × 1 mm, Sylgard, Dow Corning, U.S.A.) and small sheet of Parafilm were placed under the nerve to prevent it from moving downward during EA implantation using the pneumatic impactor (Blackrock Microsystems, Inc., U.S.A.). EA insertion was achieved by applying ~5-6 gentle taps using the impactor set at 10 psi ( Fig. 2b ). In some cases, a few electrode shanks were found to be outside of the nerve due to larger dimensions of the EA. After EA insertion, a few drops of fibrin sealant (TISSEEL, Baxter Healthcare Corporation, U.S.A.) was applied to the nerve and electrode construct for stability. The silicone block and Parafilm were removed once the fibrin sealant cured, and a silicone cuff (4 mm length and 3.2 mm inner diameter) was placed around the nerve and electrode construct. The silicone cuff lumen was filled with fibrin sealant as shown in Fig. 2c . After confirming that the fibrin sealant cured completely, the muscle incision over the nerve was closed and reference wires were delaminated ~0.5 mm using a lighter and secured inside the muscle over the nerve.
For implanting the EMG wire electrodes, gastrocnemius and tibial anterior muscles were exposed through a skin incision. EMG wires were then tunneled under the skin from the connector mount site to the implant site. Using a 25G needle serving as a canula, two pairs of EMG wires were interested into each of the two muscles for redundancy and were secured in place with sutures (4-0 Prolene, Oasis, U.S.A.) as shown in Fig. 2d . Skin incisions over the nerve and muscle implant sites were closed with a combination of sutures and gluture as shown in Fig. 2e .
To record somatosensory evoked potentials (SSEP), stainless-steel screws (0.2 mm × 3 mm, M0.8, US Micro Screw, U.S.A.) were used as electrodes. The skull was exposed, and burr holes were carefully drilled over the left and right somatosensory cortex. During the process, it was ensured that the burr holes did not pass through the skull. Screws 
Electrical characteristics
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Electrochemical Impedance Spectroscopy (EIS) was used to measure broadband impedance (1 Hz-1 MHz, Gamry Instruments Inc., U.S.A.) of the individual channels preand post-implantation. Pre-implant measurements were obtained by immersing the electrodes in phosphate buffered solution (PBS) and measuring the impedance between one of the reference wires and the channel of interest. Measurements were obtained immediately after implantation, again at 2 weeks following implantation, and weekly thereafter until device failure. The channels with an impedance ranging between 100 kΩ and 800 kΩ is considered functional as per the manufacturer. Therefore, a functional impedance threshold of 1 MΩ (at 1 kHz) was decided to accommodate for variability in measurement technique. Channels with impedance >1 MΩ were considered nonfunctional, and EA with all the channels >1 MΩ were considered broken ( Fig. 3b ). Detailed analysis of EIS data was published previously [24] and is not discussed in this manuscript.
Electrophysiological recording of spontaneous neural activity
Starting at two weeks, weekly spontaneous neural activity recordings were acquired.
Animals were briefly anesthetized with 3% isoflurane and then connected to the recording system (Neuralynx Inc., U.S.A.). Following recovery from anesthesia, spontaneous neural activity recorded by the EA was acquired for 15 minutes during free exploration of the home cage. Spike events from recordings were extracted and analyzed using Neuraview and SpikeSort 3D (Neuralynx, U.S.A.) to confirm the presence of neural activity in individual channels. Automatic spike sorting algorithms in SpikeSort 3D (KlustaKwik) were first used, followed by manual refinement to identify neural activity as described elsewhere [11] . For each channel with neural activity, clusters with baseline noise and neural activity were identified as shown in Fig. 3a . The signal-to-noise ratio (SNR) was calculated by taking a ratio of the average signal peak-to-peak and average baseline noise peak-to-peak. For channels with multiple neural waveform clusters, the cluster with the highest average peak-to-peak was used for SNR calculations. Data analysis was limited to seven weeks to include neural activity from all six animals at each time point. Recordings were acquired with a single-ended configuration and shared a common reference electrode (18G subcutaneous needle temporarily inserted over the neck muscle) at 3 kHz sampling frequency [26] . Compound muscle action potentials (cMAP) were recorded simultaneously with SSEP recordings using the same system. Recordings were acquired with a single-ended configuration from all bipolar EMG wires with respect to the shared common reference electrode at 3 kHz sampling frequency.
Two channels for each EA was selected for applying electrical stimulation (one channel at a time) between the channel and the EA reference wire. On the first day of stimulation trial, all 16 channels were tested individually for muscle activation and/or SSEP. Two channels that induced muscle activation and/or SSEP were selected and consistently tested for the entire course of the experiment. If an array had only one channel that induced muscle activation and/or SSEP on the first day of stimulation, that channel along with a randomly selected channel was consistently tested for the entire course of the experiment. If an array did not have any channels that induced muscle activation and/or SSEP on the first day of stimulation, two channels were randomly selected and consistently tested for the entire course of the experiment. Twenty-five anodic-first charge balanced square wave pulses with 12.5 µA per phase, 100 µs per phase were applied at 3.1 Hz and the corresponding SSEP and cMAP signals were recorded for analysis. In total, 12 individual channels from all 6 EAs were used to analyze SSEP and cMAP recordings to calculate the percentage of active channels (number of channels with SSEP or cMAP/12 × 100%). SSEP signals were measured for 100 ms after each stimulation pulse. An average of 25 stimulation induced SSEPs was calculated from both the left and right-side cranial electrodes, and then re-referenced by subtracting the right from the left SSEP ( Fig. 3d ).
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The re-referenced signal was then zero-averaged and analyzed in two specific time regions associated with SSEPs in our study. cMAP signals were processed similar to SSEP and identified using an average of 25 signals 100 ms in duration starting 5 ms after the EA stimulation trigger.
Functional assessment
Walking Track analysis was used to measure motor function at baseline, 5 days postimplantation (1W), 12 days post-implantation (2W) and biweekly until week 12. Animals were confined to 8 × 40 cm path and foot print videos were recorded with a camera placed underneath the platform (FreeWalk, Cleversys Inc., U.S.A.). Five sets of footprints were extracted from the videos and analyzed using ImageJ to calculate print length, toe spread, and intermediary toe spread. The Sciatic Functional Index (SFI) ( Fig. 4a ) and Tibial Functional Index (TFI) (Fig. 4b) were calculated using established methods and the average was used for data analysis [11, 27, 28] .
Von Frey test was used to assess sensory function. The animal was placed in a cage consecutive trials, and the average was used for further analysis (Fig. 4c) [11, 28] .
For walking track analysis and Von Frey test, data within groups (control and electrode array) were compared using two-way ANOVA followed by Tukey's multiple comparison test and between group time points were compared using two-way ANOVA followed by Bonferroni's multiple comparison test (Prism 8, GraphPad Software, U.S.A.). University School of Medicine (Fig. 5a ). Histomorphometry of each nerve section was performed using a digital image analysis system with linked morphometry software (Leco Instruments, U.S.A.) as previously described by Hunter et al. [29] . Multiple field images were acquired to calculate fiber density (Fig. 5b) , myelin area ( Fig. 5c ) and myelinated fiber distribution (Fig. 5d ). Myelin area and fiber distribution data were compared with unpaired t-test, and multiple t-tests were used to compare myelinated fiber distribution (Prism 8, GraphPad Software, U.S.A.).
Semiautomated Quantitative Histomorphometry
Scanning electron microscopy
The nerve along with the EA was immersion fixed in 4% paraformaldehyde solution at 4 °C overnight. EA was carefully extracted from the nerve using microdissection methods and immersed in a de-ionized water solution containing 1% Tergazyme (Alconox, USA), 0.5% Triton X-100 for 3 days to remove biological debris. The EA was then washed in deionized water and air dried for at least 24 hours before subjecting to scanning electron microscopy (SEM) imaging. SEM images (Jeol 6390LV, USA) were acquired under low vacuum mode (15 kV, 30 Pa) to assess the integrity of EA tips (Fig. 6 ) [11] .
Results
Implant design and surgical procedure
The ability to perform long-term assessment of PNIs in animal models depends on stable implantation of both the implanted electrodes and the connectors [11] . Therefore, reliable connector mount design is critical for long-term recording or stimulation studies. The connector mount setup was assembled as shown in Fig. 1e , with the tissue-contacting surface made suitable for reducing animal discomfort. The metal top prevents damage to the connectors inflicted by animal chewing or mechanical damage inside the home cage.
The Mersilene mesh attached to the bottom of the connector mount as shown in Fig. 1e encourages tissue ingrowth, which is critical for long-term stability. The assembled J o u r n a l P r e -p r o o f connector mount with housed electrode connectors shown in Fig. 1e allowed for easy and reliable access to the implanted electrodes over long periods of time.
Impedance measurements
Detailed analysis of EIS data has been previously reported [24] . Here, we used the data to determine if the devices were functional. EAs were considered non-functional when all the channels had impedance measurements above 1 MΩ at 1 kHz. Device failure was mainly the result of lead wire breakage at the connector mount interface. All devices were functional until 7W post-implantation (Fig. 3b ). For functional devices, greater than 75% of channels were within functional range. Overall, 50% of the tested EAs had functional channels for the 12W experimentation period and greater than half of the channels were below 1 MΩ at 12W (Fig. 3b ).
Electrophysiological recording assessment
Spontaneous action potentials from the sciatic nerve were recorded for 15 minutes each week starting at week 2, up to 12 weeks or device failure, while the animals moved freely inside the home cage. Offline analysis of the recordings was conducted to extract single units using SpikeSort3D. Data analysis was performed up to 7 weeks to include all 6 devices, after which device failure was observed (Fig. 3b ). An example of a neural activity is shown in Fig. 3a . The average SNR of recorded units was ~4 at 2W and did not substantially change from this value for up to 7 weeks of analysis ( Fig. 3c ). (i) Average tibialis anterior cMAP peak-to-peak amplitude and percentage of active channels eliciting cMAP in response to EA simulation.
J o u r n a l P r e -p r o o f
Electrophysiological stimulation performance
implanted EA. The stimulation parameters were fixed throughout the study to avoid unintended electrode damage. An example of SSEP waveform is shown in Fig. 3d . The time region between 8 -15 ms post-stimulation was observed with a negative peak and the region between 18 -23 ms, was observed with a positive peak. Peaks within each region were noted if they exceeded +/-2 standard deviations of the baseline re-referenced recording (Fig. 3d ) and manually examined to confirm the presence of an SSEP signal.
Peak-to-peak calculations were made based on the noted peaks (Fig. 3e ). The SSEP latency was measured for the negative and positive peaks as the time from stimulation until each peak (Fig. 3f ). In cases where there was only one peak during a specific recording, the average of the signal within the missing peak's time region was taken and used for the peak-to-peak calculation. The average SSEP peak-to-peak amplitude decreased over time after reaching a peak around 4 -5 W post-implantation ( Fig. 3e) . A maximum of 50% channels elicited SSEP across all EAs. SSEP latency was analyzed by measuring the time to peak of the negative and positive deflections from stimulation onset. The latency of both peaks remained consistent through the 7 weeks of stimulation ( Fig. 3f) . cMAP recordings were analyzed to assess muscle activation in response to EA stimulation. Stimulation waveforms were designed to prevent EA damage, so they did not elicit maximal contraction of the muscles. An example cMAP waveform is shown in Fig.   3g . The stimulation artifact was apparent in most signals (Fig. 3g ). After the stimulation artifact, the cMAP was characterized with two peaks. At least one needed to be greater than -/+ 3 STD of the baseline noise for analysis ( Fig. 3g ). Once identified, the amplitude difference between the two peaks were measured as the peak-to-peak amplitude of the cMAP for gastrocnemius ( Fig. 3h ) and tibialis anterior (Fig. 3i) muscles. If only one peak was present, the amplitude of that peak along with the average of the signal within missing peak's time region was used as the peak-to-peak amplitude. For target muscles (gastrocnemius and tibialis anterior), cMAPs were observed in some of the channels in response to stimulation of the nerve (Fig. 3h and 3i) . The highest gastrocnemius peak-topeak amplitude occurred at 5W, while the highest tibialis anterior peak-to-peak amplitude occurred at 7W. Lowest peak-to-peak values for gastrocnemius was observed between J o u r n a l P r e -p r o o f observed between 2 and 6 weeks.
Functional assessment
Walking track analysis was used to assess motor function in the sciatic nerve (Fig. 4a) and the tibial nerve (Fig. 4b ) in response to surgery and experimental procedures. Both SFI and TFI showed a trend towards deficits at week 1 and recovered close to pre-implant levels around week 2. None of the time points were significantly different, indicating that the surgical procedure or the presence of EA in the nerve did not alter the motor function significantly. Presence of the EA also did not impede with recovery of motor function. Von Frey test was used to assess alteration in sensory function over time. There was no significant difference between the control and EA group, indicating that neither the surgical procedure nor the presence of the EA led to significant loss in sensory function ( Fig. 4c ). 
Semiautomated Quantitative Histomorphometry
Histomorphometry was used to study the effects of EA implantation on myelinated fibers at 13 weeks post-implantation (Fig. 5a ). The fiber density was comparable between control and EA group (Fig. 5b) , while the myelin area was lower in the EA group compared to control (Fig. 5c ). Distribution of the myelinated fibers show that there is a significant J o u r n a l P r e -p r o o f difference in distribution of 4-6 µm fibers between EA and control groups (Fig. 5d ).
Overall, histomorphometry points to changes in nerve microstructure because of EA implantation and experimental procedures. 
Scanning electron microscopy
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Mechanical failure of the EA tips after extraction was studied using SEM (Fig. 6a) . Some of the electrode tips were observed to be fractured (Fig. 6b) , which could be a result of implantation. A high magnification of intact electrode tip is shown in Fig. 6c . Four out of the six EAs were observed with a small number of fractured electrode tips. 
Discussion
The need to improve intuitive prosthesis control is leading to innovation in PNI design and implementation [7, 30] . Development of chronic animal models to assess the safety and performance of PNIs is critical for determining failure modes at an early stage of device development and for successful clinical translation of these new technologies. We previously published a rodent model to assess the safety and performance of recording electrodes [11] , which laid the foundation for this study. The rat model has been extensively studied in the field of peripheral nerve repair and has well characterized functional and histological outcome measures [11, 25, 29, 31, 32] . These measures for non-clinical assessment can be used to evaluate longitudinal performance of PNIs, and to compare across PNIs of different form factors or modalities. This model also opens the door for understanding histological, electrophysiological and material failure modes, which can be rectified before finalizing device design for clinical translation.
To demonstrate the ability to perform long-term assessment, we designed a robust connector mount system as shown in Fig. 1 , that allowed for stable access to the implants during the study. This component is critical to maintain the integrity of the lead wires as they undergo repeated mechanical stress during chronic testing [11, 24] . In four out of six animals, the bottom part of the connector mount, in contact with tissue, was 3D printed with Nylon, and further softened with Kwik-cast to mitigate potential discomfort to the animal. The top part of the connector mount was 3D printed with bronze infused stainless steel to prevent damage to the connectors inflicted by the animal, cage components or user handling. Finally, the use of Mersilene mesh to support tissue ingrowth after implantation contributed to wound healing and stability [11, 24] .
The surgical method described here was previously developed in our lab to study floating microelectrode arrays and accounted for device integrity from the transcutaneous mount down to the PNI [11] . The lumbar fascia is used secure the connector mount, while providing easy access to the implanted electrodes through connectors ( Fig. 2a and 2e ).
Accessing the two implants (EA and EMG) over long-term via the connector mount did not produce infections at the surgical sites, which is a major concern involving transcutaneous implants [33] . Critical to the success of this procedure is securing the electrodes in the nerve as seen in Fig. 2c using fibrin sealant. The fibrin sealant forms a stable construct immediately upon application, preventing the EA from dislodging. At later points in the healing process, electrode stabilization is augmented by fibrotic encapsulation, and presumably limits electrode dislodgment during locomotion [11, 24] .
The EMG wire electrode fixation technique (Fig. 2d ) was reliable, as demonstrated by the stability in the location of the recording tips inside the muscles during the experiments.
The most common failure observed with the EA was lead wire failure at the connector mount interface, which is a region exposed to high mechanical stress. Lead wire breakage continues to be a hurdle to chronic experimentation in both animal and humans [11, 19] . Nevertheless, surgical procedures described here provides implant stability for long-term assessment of PNIs in the sciatic nerve using a rodent model.
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Impedance of the nerve electrodes at 1 kHz before and after the surgical procedure was used to verify if damage occurred anytime during the surgery. The impedance for most of the electrodes did not increase beyond the functional threshold of 1 MΩ [24] , suggesting that the implantation procedure did not cause lead wire breakage. Impedance could be characterized for all electrode tips over the course of the experiment unless lead wire breakage occurred. Wire breakage was indicated by simultaneous impedance increase above 1 MΩ for all electrode channels. Beyond lead wire breakage, abiotic and biotic factors could affect intraneural PNI impedance in the long term [11, 24] . Broadband EIS measurements can potentially reveal failure modes beyond simple mechanical failure [24] . In combination with characterization of the abiotic and biotic factors influencing an implanted PNI, chronic EIS measurement through this platform gives valuable feedback for electrode material selection and fabrication.
Electrophysiological recording in awake behaving rats was made possible with the stable connector interface that allowed experimenters to easily and safely connect to the electrodes, minimizing the duration of anesthetic use and mechanical damage at the connector mount interface. The ability to record from the EA in freely-moving animals is important to assess the reliability of recorded signals without confounds, such as the influence of anesthesia on nerve conduction. In addition, multiple individual neural units could be isolated from the EA channels demonstrating the high fidelity of intraneural PNIs for advancing motor control using neuroprosthetic devices signals [19, 34] . The average SNR for these detected action potentials was ~4 up to 7 weeks, suggesting applicability to pattern recognition for neuroprosthetic control applications [1]. SSEP and cMAP evaluation in animal models can be used to characterize the potential of a PNI to be used for closed-loop neuroprosthetic applications. The implanted EA displayed the ability to produce cMAPs and SSEPs in the long-term, but this was not consistent between time points. This inconsistency could be a result of micromotion inside the nerve, as the electrode tip distance from axons within the nerve could change.
Gastrocnemius cMAP peak-to-peak values peaked at 5W and decreased with time ( Fig.   3h ) while Tibialis Anterior peak-to-peak values increased with time and peaked around 7W (Fig. 3i ). This activation pattern could be attributed to the change in relative distance J o u r n a l P r e -p r o o f between the electrode tips with respect the nerve fibers innervating either of the two muscles, along with biotic factors such as fibrotic encapsulation at the electrode tip.
Similar to the gastrocnemius cMAP signals, the peak-to-peak amplitudes of SSEPs reached its highest value around 4W and then trended downward (Fig. 3e) . Micromotion of the EA inside the nerve could result in the stimulation of different fibers leading to inconsistent cMAP and SSEP stimulation or decreased amplitudes of stimulation if the electrodes were to move farther from a previously stimulated fiber over time [19] .
While micromotion is a noted limitation of microelectrode arrays [7] , the variety of stimulated fiber types throughout the duration of the experiment reveals the potential of intraneural PNIs to interact with various fibers if electrode tips were placed intentionally.
Stimulation of sensory nerves in humans using intraneural PNIs elicit a variety of sensations and intensities noted consciously by users [19, 35] . The foreign body response could also influence the stimulation and recording performance of intraneural PNIs [36] .
Changes in the PNI materials may show promise for mitigating these effects but more development is needed [37] . The timing of the SSEP peaks did not change with time ( Fig.   3f ), indicating stable physiological response to stimulation. The potential for sensory feedback from neuroprostheses is apparent but further development of technologies are needed to address stability on the microscopic scale. Overall, micromotion and changes at the electrode interface due to biotic and abiotic factors may have a strong effect on the selectivity of neural stimulation over long-term for these EAs.
Functional testing allowed the quantification of both sensory and motor function of the target nerve. We conducted walking track analysis to monitor motor function and Von Frey testing to monitor sensory sensation. Results show that motor and sensory function did not change significantly and returned to pre-implantation levels within 2-4W postimplantation ( Fig. 4a-c) . These results are necessary to conclude if a device causes significant nerve damage making the PNI unsuitable for long-term use. It is also important to note that the surgical procedures did not cause irreversible target nerve damage. In addition, it seems that electrical stimulation did not impact function over time, while the parameters and duration of stimulation used in this study could contribute to this observation. Although this experiment was not specifically designed to assess functional J o u r n a l P r e -p r o o f effects of stimulation, future work using this platform could isolate the relationship between stimulation and nerve function.
Histomorphometric analysis is commonly used to assess the health and distribution of myelinated nerve fibers [29] . Histomorphometric analysis of the distal nerve segment showed comparable fiber density, while there was significant difference in myelin area and distribution of fibers between 4 -6 µm fibers (Fig. 5) . This difference in myelin area and fiber distribution could be a result of either the surgical procedures and/or the presence of EA inside the nerve. While there may have been axon damage during implantation, histomorphometric analysis at 13 weeks post-implantation shows that the presence of EA did not prevent the recovery of fiber density. It is important for an EA to have minimal nerve injury during surgery, but it is even more important for it to not induce complications associated with obstruction of regenerating nerve fibers.
SEM can be used to evaluate factors leading to electrode failure [11] . SEM of the explanted electrodes revealed mechanically damaged electrode tips (Fig. 6b ), which could be attributed to the implantation procedures. Breakage at the tip can alter device recording and stimulation performance, rendering the use of a PNI to be suboptimal for long-term use. Changes in materials specifically designed for peripheral nerve applications and refining surgical procedures could potentially mitigate this issue. Overall, the comprehensive test platform described here has allowed for detailed characterization of electrode safety and performance, which can provide information to steer future improvements to PNI design and fabrication.
Conclusion
We have advanced a previously developed test platform to assess the safety and performance of intraneural PNIs using a rodent model. The current test platform allows for long-term assessment up to 12 weeks of implantation. The ability to conduct these assessments on PNI devices provides a comprehensive understanding of reliability and failure modes in the non-clinical setting, which is critical to improve upon device design for novel PNI technologies.
